Introduction
Emphysema is defined as 'the presence of permanent enlargement of the airspaces distal to the terminal bronchioles, accompanied by destruction of their walls and without obvious fibrosis' [1] . Emphysema is typically defined in anatomical terms; therefore, lung radiography provides the clearest evidence of its presence. High resolution computed tomography (CT) scans have greater sensitivity and specificity than chest radiographs and provide detailed anatomical information to help identify areas of emphysema within the lung. The precise identification of emphysema at the segmental level will allow bronchoscopic lung volume reduction (BLVR) technologies to selectively target and treat the most diseased segments of the lungs.
Adequate phenotyping of chronic obstructive pulmonary disease (COPD) requires measurement of the extent and severity of emphysema, physiologic measurements, and patient-reported outcomes. A variety of physiologic measurements, including forced expiratory volume in 1 s, diffusing capacity of carbon monoxide, lung volumes, and exercise capacity, are useful in determining the severity of lung disease [2] . Perfusion scans are also useful in characterizing the severity of emphysema. However, these measurements are not a reliable indicator of hyperinflation, which is the target for most lung volume reduction (LVR) therapies.
When observing chest radiographs, physicians attempt to identify the following emphysema characteristics: large hyperinflated lungs, low set diaphragms, hyperlucent lung fields, increased apicoposterior diameter, vertical heart, and radiographic bullae [3] . Although radiographs provide substantial information about the lungs, they lack sufficient resolution to accurately diagnose emphysema.
CT scans provide a much higher resolution and detail of the lung anatomy. This increased resolution allows physicians to assess and diagnose emphysema as precisely as it would have been possible on excised lung tissue [4] . Using CT scans, physicians are able to visually locate and characterize the specific type of obstructive disease. Emphysema can be reliably identified by observing small air pockets or low density tissue surrounded by more normal lung regions [5] . Compared with pathological examination for emphysema, these visual assessments have demonstrated a good correlation [6] . However, visual assessments are time consuming and limited by high interobserver variability and lack of sensitivity to early disease [6] .
Quantitative Emphysema Characterization from Imaging
The movement towards computerized quantification techniques was initiated by radiology groups who confirmed that emphysema morphology can be accurately observed on a CT scan. Technology that allowed thin slice acquisition (now standard on all CT scanners) allowed visualization of terminal and respiratory bronchioles [7, 8] . Distal focal areas of low attenuation can be easily identified using computer algorithms which quantify the areas of low attenuation based on density index thresholds. Various measures have been developed based on computerized techniques that are summarized in table 1 .
Computerized approaches to emphysema quantification were primarily developed with the intention to more accurately and objectively diagnose overall emphysema within the lungs. However, as interventional emphysema therapies such as BLVR are becoming more prevalent, more accurate methods of characterizing emphysema at the segmental level are needed. This paper will identify the need for BLVR technologies to reduce lung volume segmentally and demonstrate techniques to identify and distinguish the severity of emphysema at the segmental level.
Current State of LVR Technology
LVR techniques, including surgery, valves, vapor, and sealants, attempt to target the regions of the lung with the greatest extent of emphysema. In each LVR technique, the lungs are evaluated for emphysema at the lobar level with the help of CT scans. For BLVR, endobronchial valves (Zephyr ® by Pulmonx or IBV by Spiration), for example, are placed in segmental airways and work best when deployed to occlude an entire lobe. The valves achieve LVR by restricting air supply to the lobe. Valves are an effective method of reducing lung volume in patients without interlobar collateral ventilation [9] . Vapor ablation LVR technology, however, is effective in the presence of both interlobar and intralobar collateral ventilation, because vapor ablation creates a permanent volume reduction which is independent of collateral gas channels. The ability of LVR procedures to accurately target emphysema at a lobar level has been a significant advancement, but treating at the lobar level may lead to the unnecessary reduction of segments with functional tissue. Therefore, the ability of vapor ablation LVR technology to target diseased regions at the segmental level could offer more optimal treatment and further benefit to the patient.
Heterogeneity: Comparing the Severity of Emphysema Disease States
Emphysematous destruction and gas trapping occurs unevenly throughout the lung leading to heterogeneous emphysema. The National Emphysema Treatment Trial (NETT), which evaluated 1,218 patients for LVR surgery (LVRS), measured heterogeneity based on visual scoring ( fig. 1 ). The heterogeneity in disease distribution was shown to correlate with LVRS outcome variables. Targeting unevenly distributed disease is a part of the method of action of LVRS. LVRS therapies are successful by reducing hyperinflation, which results in the decompression of the surrounding functional lung regions. One important conclusion of NETT was that participants with upper lobe emphysema who underwent LVRS exhibited better outcomes than other cohorts [10] . Based on this observation, subsequent LVR techniques have used various forms of heterogeneity measurement to achieve maximal benefit and reduction at the least cost of functional tissue [11] .
Heterogeneity of Emphysema Using Computerized Quantitative Measures
Heterogeneity of emphysema has typically been established through visual scoring as in NETT, but visual scoring is subjective and open to interobserver variability, especially at the segmental level. With the help of accurate quantitative techniques, it is possible to reliably and precisely establish the severity of emphysema in a given location with respect to the rest of the lungs. Chae et al. [12] described a quantitative technique where the slice-specific low attenuation area percentage (LAA%) was plotted against the location. The slope of the plot curves indicated the heterogeneity of disease between various locations in the lungs ( fig. 2 ). An evaluation of 59 patients concluded that this technique of measuring heterogeneity was comparable to the visual assessment techniques. The technique identified by Chae et al. [12] is useful in identifying disease heterogeneity; however, it does not fulfill the need of modern LVR technologies to identify and treat at the segmental level. The technique does not follow the anatomical boundaries of the sublobar segments or the lobar fissure boundaries, making it less useful for BLVR therapies.
Software has been developed in recent years to make quantitative measurements of the lung from high resolution CT scans. One such software, VIDA Apollo software, developed by VIDA Diagnostics (Iowa City, Iowa, USA), is capable of analyzing high resolution CT scans to determine airway measurements, regional lung volumes, and regional lung masses. This software is capable of identifying lung parenchymal volumes and densities at the lung, lobar, and segmental levels ( fig. 3 ). This software has been used to quantify human emphysema by groups such as Gietema et al. [13] . Henne et al. [14] measured the accuracy of the software at the segmental level between lung density and ex vivo lung preparations and found strong concordance. The ability to quantify emphysema along anatomical boundaries at the segmental level has not been possible previously.
Heterogeneity along Anatomical Boundaries at Segmental Level
Given the capabilities of modern software to quantify emphysema at both the lobar and segmental level, it is now possible to determine differences in emphysema severity between two anatomical regions along precise boundaries. Differences in the severity of emphysema between two regions can be determined using a comparison index called the heterogeneity index (HI). In general, the HI equation can be defined as follows: The general HI was first used in the VENT (NCT00129584) study and was defined as the ratio of the densities of the lower lobe to the upper lobe similar to NETT [15] . For the Sequential Staged Treatment of Emphysema with Upper Lobe Predominance (STEP-UP, NCT01719263) trial, the HI is being measured at the segmental level. Also, the STEP-UP trial is using the tissue/air ratio (TAR) measure to quantify emphysema. The upper lobe segments are not equally diseased, and, therefore, treating at the lobar level may lead to unnecessary reduction of functional tissue. Utilizing the segmental approach will allow physicians to distinguish the severity of disease between the upper lobe segments. The difference in the severity of the disease between an upper lobe segment and the full lower lobe is being defined by equation 2. [12] to calculate heterogeneity was done along planar slices in a particular direction as shown. LVR treatments follow anatomical boundaries, therefore this method of calculating heterogeneity is not ideal for characterizing disease distribution. For each sector the density of the lower field was compared to the density of the upper field [16] . On each sector, the comparison includes tissue from the neighboring lobe. LVR treatments follow anatomical boundaries, therefore this visual method of evaluating heterogeneity is less accurate than computerized methods which can follow anatomical boundaries. where X represents a segment of the upper lungs (i.e. RB1).
The upper lobe segments and lower lobe regions can be compared against each other using equation 2. An interpretation of the values which can be generated using these heterogeneity equations are as follows. A HI value of 1.0 represents a lung with similar upper lobe segment and lower lobe TAR or lung density. The severity of emphysema in the upper lobe segment and lower lobes is the same when HI is 1.0. A HI of 1.0 is indicative of a lung which has homogeneously distributed emphysema disease between the two comparison regions. A HI value less than 1.0 is indicative of a lung with emphysema predominant in the lower lobes. Similarly, a HI value greater than 1.0 is a lung with more disease in the upper lobe segment than in the lower lobe.
An example patient has been evaluated using the VIDA software to demonstrate the lobar and segmental emphysema measurement capabilities. The TAR measure was calculated at the various levels of the lung. Using the segmental TAR values, the heterogeneity of emphysema was calculated. Each segment in both left and right lung varied in the severity of emphysema as characterized by the associated segment TAR and HI values listed in table 2 . In this example patient, segment RB1 was observed to have more emphysema than segments RB2 and RB3 in the right upper lobe and segment LB3 had more emphysema than segments LB1 and LB2 in the left upper lobe. Therefore, in this example, a capable reduction technology such as vapor ablation should target and treat the most diseased segments, which are RB1 and LB3. 
Conclusion
The techniques of characterizing emphysema have progressed from basic pulmonary function tests and low quality radiographic visual assessments to computerized measures from high resolution CT scans of the patient lung. We have reviewed the many different ways to quantify and measure the severity of emphysema using CT scans, such as LAA%, low attenuation cluster, 15th percent, mean lung density, and TAR. The proposed method to characterize disease heterogeneity along anatomical boundaries at the segmental level will help to meet the needs of BLVR therapy to more optimally deliver volume reduction treatments to the most diseased regions of the lung. Currently, targeting at the segmental level is possible with vapor ablation. The goal of targeting treatments to the most diseased segments is to improve efficacy and safety of outcomes of vapor ablation patients. The STEP-UP trial is currently evaluating the proposed segmental approach using TAR and a segmental HI to target bronchoscopic vapor LVR. If lung volume is successfully reduced using this segmental approach, it may be possible to target diseased segments throughout the entire lung in the near future.
